Although Ca2l is a well-established intracellular messenger, there are many questions concerning the kinetics and spatial localization of its effects. Such problems may now be approached with the photosensitive Ca2+ chelator nitr-5. The Ca21 affinity of this molecule decreases by a factor of 40 after absorption of near-UV light; Ca2+ is liberated with a time constant of -300 ,us. Nitr-5 or the related compounds nitr-2 and nitr-7, complexed with Ca2+, were introduced into rat sympathetic ganglion cells by dialysis from a patch pipette electrode operating in the whole-cell, voltage-clamp mode. Light flashes released Ca2+ and activated a K+ current. Flash-induced current relaxations followed a simple exponential time course with time constants as brief as 5 ms. Comparison of the kinetics among the chelators, which photolyze at different rates, suggests that release of Ca2+ from nitr-5 is too fast to limit the relaxation. Thus we confirm directly that Ca2+ can modulate membrane properties within a few milliseconds after entering a cell. A prelihinary kinetic description of K+ current activation by Ca2+ in rat sympathetic neurons is presented; Ca2+ appears to bind to the channel with a rate constant of at least 2 x 107 M-1.s-1.
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Ca2+ is an intracellular messenger for such rapid events as muscle contraction, transmitter release, and ion-channel gating. To study these actions, it is desirable to have methods both for measuring (1, 2) and generating transient changes in intracellular [Ca2i] . This paper addresses the creation of controlled, step increases in intracellular [Ca2+] . Suggestions that this might be achieved with photochemical tactics (3, 4) are now being realized with the introduction of a series of improved photosensitive Ca2+ chelators (Fig. 1A ). These molecules incorporate (i) high-affinity, rapidly binding, pHinsensitive chelating groups that select strongly for Ca2+ over Mg2+ (2, 5) and (ii) ortho-nitrobenzyl substituents that photolyze efficiently at near-UV wavelengths (4, 6) . The first member of the series, nitr-2 ( Fig. 1A) , has been employed to study Ca2+-activated currents in Aplysia neurons (7) , although its usefulness was limited by the low rate of Ca2+ liberation (5-7 s-1).
The present investigation involves other members, nitr-5 and nitr-7 ( proceeds with a time constant of c300 ,us. Nitr-7 binds Ca2+ roughly three times more tightly than nitr-5 but releases Ca2+ with a time constant of =1.8 ms. We used the tight-seal voltage-clamp method (9) to introduce these chelators into rat superior cervical ganglion cells under electrophysiological investigation. Light flashes created Ca2+ "jumps" inside the cells and activated a K+ current, which is thought to underlie the slow after hyperpolarization that follows an action potential in these cells. Kinetic analysis of the flash-induced currents suggests a simple model for Ca21 gating of K+ channels in these sympathetic neurons.
METHODS
Superior cervical ganglion cells, dissociated from neonatal rats, were maintained in cell culture and used for experiments within 3 days after plating. Their electrophysiological properties have been described elsewhere (10) . Membrane currents were recorded, at 20-22°C, using the tight-seal voltage-clamp technique, in the whole-cell mode (9) , with a Dagan (Minneapolis, MN) model 8900 amplifier. Unless otherwise noted, the external solution contained (mM): NaCl, 140; CaCl2, 1; MgCl2, 1.5; glucose, 5; Hepes, 10, pH 7.3. K+ currents were isolated by blocking voltage-dependent Na+ and Ca2+ currents with, respectively, tetrodotoxin (1 ,uM) where KN and KP are the dissociation constants for Ca2+ binding to nitr-5 and to the photoproduct, respectively. These values were determined as described (7). (14, 15) .
Further experiments were performed with Cd2+ in the bathing solution to prevent Ca2+ influx and with nitr-5 in the patch pipette (Fig. 1) . In the absence oflight, the voltage-dependent K+ currents presumably included both a component that was Ca independent and another that was activated by the basal Light flashes presented during the plateau phase of these currents induced an additional outward current ( Fig. 1 B and  C) . Flash-activated currents were resolved only at membrane potentials more positive than -40 mV. At more negative potentials the currents were probably too small to be distinguished against the background noise. Flash effects were specifically associated with the photochemistry of nitr-5, because they were absent either (i) when EGTA was substituted for nitr-5 in the pipette or (ii) when flashes were filtered to remove wavelengths absorbed by nitr-5.
After a flash, currents relaxed with a simple exponential time course to a new maintained level within a few tens of milliseconds (Fig. 1C) . Little inactivation was apparent during 500-ms voltage steps. The currents did eventually return to the preflash level, at least in part because fresh, unphotolyzed nitr-5 diffused from the pipette into the cell. The current relaxation could, therefore, be reproduced by To determine the events that limit the kinetics of the flash-induced current, we compared the effects of flashes using different photolabile chelators (Fig. 2) (Fig. 3A) . In the cell of To determine the origin of the flash-induced currents in the absence of added Ca2+, a series of cells were studied with the pipette solution alternately containing 2 mM or 10 mM nitr-5, but no added Ca2 . In this series, no flash-induced currents were observed in four cells with 10 mM nitr-5, whereas flashes induced small but measurable currents in two out of five cells at the lower nitr-5 concentration. This result suggests that the currents were not an effect of a photolysis byproduct, although there is no way of testing this directly. Voltage Sensitivity. The amplitudes of the flash-induced current relaxations increased at more positive voltages (Fig.  4) . Because currents could not usually be resolved at membrane potentials more negative than -40 mV, there are insufficient data to rule out a sigmoidal start to the current versus voltage relationship. In the voltage range studied, however, the flash-activated currents varied in a roughly linear fashion with membrane potential (Fig. 4) with an e-fold change for 102 + 11 mV (SEM; n = 9). A rather voltage-insensitive flash-activated conductance is further suggested by the behavior of the tail currents, observed upon membrane repolarization after a flash (Fig.  SA) . Voltage steps, applied. during the flash-activated current, caused a change in current amplitude. There was usually no clear relaxation associated with this change in amplitude. It should be noted, however, that the tail current resulting from intracellular Ca2+ release was measured from the difference between two current records collected at 10-s intervals, and accurate resolution relied on the exact superposition of the preflash currents in both records. We cannot rule out the possibility of a very slow relaxation. The amplitude of the tail current varied linearly with membrane potential (Fig. 5B) . The current reversed close to the K+ equilibrium potential, confirming that the flash-activated current was carried by K+ ions and ruling out a significant contribution from Ca2+-dependent, nonselective cation (17, 18) or Cl- (19) (20) (21) (22) (23, 24) .
At present it is thought that two classes of Ca2+-activated K+ conductances exist in vertebrate tissues. These are usually distinguished by sensitivity either to charybdotoxin and tetraethylammonium ion (TEA) (25) or to apamin (26) .
Rat sympathetic ganglion cells are apparently capable of displaying both types of conductance (14, 32) ; however, in the present experiments, the current was sensitive to apamin but not to low concentrations of charybdotoxin (A.M.G., unpublished data). The present data, therefore, pertain to the apamin-sensitive conductance. Relatively little is known about gating or permeation in the apamin-sensitive channel, mainly because the current is not easily isolated from other Proc. Nadl. Acad. Sci. USA 84 (1987) membrane currents and the single-channel conductance is small (27, 28 (Fig. 3C) .
If, however, the binding step is fast, binding is governed by a rate constant greater than the slope. This simple model thus suggests that the forward binding rate is at least 2 x 107 M-1ls-1 at 20'C. By a similar argument, the rate constants governing both channel closure and dissociation of Ca2+ are at least equal to the zero-concentration intercept of this plot (25 s1).
Regardless ofthe exact molecular interpretation, the model predicts half-maximal activation when the overall rate constant for channel opening equals that for closing, i.e., when the relaxation rate constant is double the zero-concentration intercept. According to Fig. 3C , this occurs at a [Ca2l] of about 1.2 ,uM, resulting from ajump of 800 nM. This value is in good agreement with the observed half-maximal activation forjumps of 300-1000 nM under similar conditions (Fig. 3A ). Although our model may be oversimplified, it does appear to account for the major features of the data presented here and in single-channel experiments (27) .
The rather small voltage dependence to the amplitude and kinetics of the flash-induced current suggests that it is similar to the apamin-sensitive, Ca2+-activated currents in other tissues (15, 27, 28) . However, our voltage-sensitivity experimenits were performed at high [Ca2+] . Some ligand-activated conductances display voltage sensitivity at low levels of activation but not at high concentrations that produce maximal activation (29, 30) . Our results are also consistent with the idea that the slow time course of IAHp in bullfrog sympathetic neurons reflects the rate of Ca2+ removal from the cell rather than the kinetics of channel closure (15) .
Flash-activated molecules have proven useful for a variety of physiological studies (4, 31 
